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SUMMARY 

An investigation W&E made of 8 constant-area,  circular 90' elbow  of 
mean  radius  of  curvature  equal  to  its  diameter  with  several  arrangements 
of simple,  nontwisted,  rectangulaz  vortex  generators.  The  inlet flow 
had a boundary layer of about  one-tenth  the  duct  diameter.  The  vortex 
generators  were  located at stations in the  inlet  and  at  stations 15', 
30°, and 60° into  the  elbow.  It waa found that a one-third  reduction 
in  the  static-pressure drop measured  between  the  inlet and a station 

tex  generators in the  fnlet. A similar  reduction waa also  made by 
i n s t a l l i ng  two  vortex  generators on the inner side at a station 60' in to  
the  elbow. 

m 4 diameters  downstream of the  elbow  could  be  made Q installing 12 vor- 
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INTRODTETION 

In an aircraft  induction  system it is  frequently  required  that  air 
be  turned  through an angle  as  Large  as 90'. Nearly  always  losses  in 
total  pressure  are  to  be  avoided. In many cases  it  would  be advantageow 
to  have  the  air  diffused  at  the  same  time  but a compromise is usually 
made  in  which no diffusion is attempted in the  elbow.  Space  limitations 
usually require  the  mean  radius of the  elbow  to  be as small as practicable. 

A basic  discussion of the  factors  affecting  flow i n  an elbow is given 
in  reference 1. It is  explained  that  for  two-dimensional  flow in a 
constant-area  elbow  with  incompressible  potential  flow  there  would  be a 
flow  deceleration and consequent  static-pressure  increase  along  the  first 

of  the  bend. I n  the  actual  case  with a viscous  fluid  there  is  usually a 
part  of  the  outer  boundary and along  the  last  part of the  inner  boundary 

separation  of  the flow in the 
no serious separation  effects - Last half of the  inner  boundary.  Usually, 

OCCUT from  the  positive  pressure  gradient 
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on the first pa r t  of the  outer boundary because of the  greater  l inear 
distance  over which the pressure  increase  takes  place and because this 
region is immediately  followed by  one w i t h  8 favorable  pressure  gradient. 

Because of the  centrifugal  forces of the  main par t  of the  flow, 
there is a greater s ta t ic   pressure on the  outer boundary than on the  inner 
boundary of the elbow. In the boundary layer, however, the  centrifugal 
force of turning the slower-speed air is considerably less. Since  the 
boundary Layer has impressed on it the pressure  gradient  determined by 
the high-speed part of the  flow,  the  result is an  acceleration of boundary- 
layer air i n  the direct ion toward the inside of the  elbow. This secondary 
flow may be one of the factors  minimizing the separation  effects on the 
outer boundary of the  flow. Aside from this, however, it is, in  general, 
an  unfavorable  effect  because it is a fac tor  in a reduction of the  effec- 
t ive   a rea  a t  the elbow ex i t  and contr ibutes   to   dis tor t ion of the exit- 
veloci ty   dis t r ibut ion.  

Methods of improving the  flow in elbows from references 2, 3, and 4 
include the use of guide  vanes,  increasing  the  radius of curvature, and 
a reduction  in  area  during the bend. The latter two of ten  confl ic t  w i t h  
requirements  already mentioned. The me of guide  vanes may be  objection- 
able from the standpoint of manufacturing  complication and increased skin- 
f r ic t ion   losses .  Also guide vanes which extend clear  across the passage 
could  result  in  completely  plugging it in  case of a severe  icing  condi- 
t ion.  Any method, therefore, of improving the flaw i n  an elbow having a 
small r a t i o  of center-line radius to   duct  diameter without the use of 
extensive guide-vane  arrangements would be of in te res t .  

The use of boundary-layer removal t o  improve the flow i n  elbows is 
considered  in  reference 1. Another poss ib i l i ty   for   a l te r ing  the boundary 
layer and secondary flaw is provided by vortex  generators which i n  refer- 
ence 5 were s h a m  t o  be effect ive in reducing  the power requirement of a 
large wind tunnel. References 6, 7, and 8 give  the  resul ts  already 
obtained  in  increasing the pressure  r ise  in  conical and annular diffusers  
through the use of vortex  generators. The present  investigation is con- 
f ined  to   the  effecta  of simple  arrangements of rectangular  vortex  gener- 
a tors  i n  a constant-area,  circular 9 0  elbow whose  mean radius of curva- 
ture  is  equal  to  the  cross-sectional  diameter. 

SYMBOLS 

spanwise  dimension  of vortex  generator 

chord of vortex  generator 

duct diameter, in.  
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H total  pressure 

n number of vortex  generators 

P static  pressure 

AP wall  static-pressure  drop, Fl - 5 

Q, impact pres~ure, H - p 
r mean  radius of curvature of elbow 

r/d  radius-diameter  ratio of elbow 

S middle  arc length between 0.3 chord  stations of vortex 
generators 

U local  velocity  within  boundary  layer 

U local  velocity  at  edge of boundary layer 

X distance  upstream of elbow  inlet 

.r Y perpendicular  distance from wall, in. 

6 . boundary-layer  thickness at u = U,  in. 

Nondimensional  vortex-generator  parameters: 

b/c aspect  ratio 

b/6" span to average  inlet-boundary-layer  displacement  thickness 

s/b  spac  ing 

U angle of attack,  deg 

spacing  angle  between  adjacent  vortex  generators, deg 

anguLar distance  into  elbow, deg 

.. fl angular  extent of vortex-generator  arrangement, de€ 
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Subscripts : 

0 reference  conditions 

1 inlet  static-pressure  measuring  station 

2 elbow  exit  conditions 

4d conditions 4 diameters  downstream  of  elbow  exit 

A bar  over a symbol  indicates an average  value. 

APPARATUS AND METBODS 

General  arrangement.-  The  apparatus  for  this  investigation l e  sham 
diagrammatically in figure 1. The elbow and a 1.3d  length of duct d m -  
stream of it  were of transparent  plaetic  mounted  to m external  wooden 
framework.  Tufts  fastened  to  the  duct  inner  surface  could  therefore  be 
observed.  Sufficient  metal  ducting  downstream was incorporated  to  per- 
mit  surveys  and  static-pressure  measurements 4 diameters  downstream  of 
the  elbow  exit. A i r  was supplied fram a %-inch  duct  leading  to an 
entrance  bell  which  reduced  to j o in  a 21-inch-diameter  duct 98 inches in 
length  leading  to  the  elbow  entrance. This length was chosen to give a 
substantial boundary Layer at the s w t  of the  elbow. A screen  having a 
total-pressure  drop  of 1.24 times  the  dy-mmic  pressure was installed 
5 feet  upstream  of  the  entrance  bell. A lk -inch  band  of  cork  particles 

glued in the  entrance  bell  to f i x  the  transition  point.  Figure 2 is 
a photograph  of  the  setup  taken  from  the  inner  side of the  elbow. 

2 

Vortex-generator  arrangements.- The vortex  generators  were  rectangu- 
lar ones  available from the  previous  investigations  of  references 6, 7, 
and 8.  Although  carefully  made  to NACA 0012 coordinates,  there  is no 
information  as  to  whether  this  precision was essential  to  the  results 
obtained. 

Vortex  generatore were installed at the inlet  vortex-generator sta- 
tion,  figure 1. They  were  also  installed 1/4 diameter upstream of thie 
station  and  at  three  locations in the  elbow  itself as indicated in fig- 
ure 3.  In the  locations  in  the elbow, the  gap  between  the  afterpart of 
the  vortex  generators  and  the  surface m e  filled  with  modeling  clay  and 
faired  to  the  airfoil  contour. 

A few runs were  made  with  each  vortex  generator  set  at an angle of 
attack  opposite  to that of the  one  next to it.  However,  all  arrangements 
for  which  curves  are  given  were  symmetrical  as  to  number  and  angle  of 

. 

. 
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- attack  with  respect  to  the  plane of spetry of the  elbow.  The angles 
of attack  were in an opposite  sense on either  side of the  plane of sym- 
metry in such a direction  (see fig. 4) as to  oppose  the  secondary 
boundary-layer flow. In general,  the  vortex  generators  were  grouped at 
the  inner  side of the  elbow and did  not  extend  around 88 far as the  outer 
side.  Figure 5 show6  the  meaning of @, the angular extent of the  vortex- 
generator  arrangement, f3, the  spacing  angle  between  adjacent vortex 
generators, and 8 ,  the linear spacing  between  vortex  generators.  In 
each  case  the  two  innermost  vortex  generators  were spaced 12' apart. 
For the  remaini  vortex  generators,  the  spacing  angle p was given a 
value of 120, 13, or 24O to give a spacing  variable. 

- 

Instrumentation.-  Downratream  static-pressure  values  were  arithmetic 
averages frm six  radially  distributed flush orifices for  stations 2 
and  4d of figure 1. For the  inlet  station,  the  average was used of two 
orifices in the  plane of symmetry  located 1/3 diameter  upstream of the 
inlet  vortex-generator  station in order to  place them outside  the local  
pressure  field.  he total pressme measured at  station o (fig. 1) was 
used  with  the  inlet  static  pressure  to  provide  the  value of Q. These 
pressures  were  recorded photomphically on a multitube  manometer. 

The  inlet  velocity was varied  between about 120 and 190 feet  per 
second  corresponding  to a range of Reynolds number frm 1.25 x 106 to 
about 2.00 x 106 based on inlet  diameter. All campisons were  made  at 
a speed of about 180 feet  per  second  wfth a Reynolds  number of about 

* 

Y 1.85 x 106. 

Remote-control  pitot-static  tubes  were used to  measure  velocity  dis- 
tributions in the plane of symmetry.  These  measurements  were  made with 
the  Pitot-static  element  parallel  to  the axis st the  station fn question 
with no attempt  at  alinement  with  the  local flaw. 

Tufts  mounted on the  inner  surface  of the elbow  were photowaphed 
to  obtain  information on sepmation areas  and  on  the  secondary boundary- 
layer flow. 

KESULTS AND DISCUSSION 

Elbow  With No Vortex  Generators 

The velocity  distribution of the  flow  approaching  the  elbow was 
measured  in  the  plane of symmetry 1 diameter  upstream of the  elbow.  Fig- 
ure 6 shows  the  boundary-layer  thiclmess  to  be in the  neighborhood of - 1/10 the  inlet  diameter.  The  effect of the  elbow is apparent in that 
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the  displacement  thickness is l e s s  on the side approaching the  inside of 
the  bend than it is on the outer side. 

The pressure  drop  through the elbow t o  a s t a t ion  4 diameters down- 
stream of the   ex i t  is eham in figure 7 for several  flow  rates. A t  the 
higher-speed part of the range the pressure  drop is about 0.225 of the 
inlet   center  -1fne impact pressure. 

Tuft photographs, f igure 8, showed no separation  in the outer bound- 
ary of the  elbow. Although it is not   discernible   in  figure 8(a), there 
was a separated  area on the  inner boundary s t a r t i n g  half way around the 
bend and extending down the  duct f o l l a r h g  the elbow. The secondary flow 
is seen  in  f igure 8 t o  be qual i ta t ively as would be predicted f r o m  con- 
s iderat ion of the  centrifugal pressure difference imposed on the  lower- 
energy boundary layer. This is most c lear ly  shown in   f igure  8 ( b ) .  

Velocity  profiles measured with no vortex  generatore  are illustrated 
in  figure 9 t o  give an over-all  indication of w h a t  is occurring. The dis-  
t r ibu t ion  before the elbow has already been discussed. The d is t r ibu t ion  
a t  the   ex i t  is the  reasonable  result  of a combination of the potential-  
flow dis t r ibut ion  descr ibed  in  the introduction, the inner-surface  sepa- 
ra t ion  on the  inside of the  elbow, and the  secondary flow caused by the 
centrif’ugal  forces. At 4 diameters damstreah,  the  velocity  distribution 
h ~ s  become  more uniform  but is reversed  in the sense of having the  highest 
velocity a t  the  outer wall. This is a l l  in  general  agreement with  refer-  
ence 9 i n  which a more general  consideration of the veloci ty   dis t r ibut ions 
for elbows is given. Y 

. 

Elbow With Vortex  Generators 

Basic  arrangement.- An arrangement on the basis of the  d i f fuser  
investigation of reference 8 wae selected as a start ing  point.   Thirty 
vortex  generators of aspec t   ra t io  0.327 and b/6* = 4.85 were ins ta l led  
a t  t h e  entrance. They were s e t  a t  an angle of a t tack of *l5O; each  vor- 
tex  generator had an angle of a t tack  opposi te   in   s ign  to   the one next t o  
it. The pressure drop was 0.257 of the  entrance impact pressure,  higher 
than with no vortex  generators. Changing the angles  of  attack so  that, 
on one s ide  of the  plane of symmetry, each angle of attack was i n  the 
di rec t ion   to  oppose the eecondary  boundary-layer flow t o  be  expected on 
that side  resul ted  in  a pressure  drop slightly lower than with no vortex 
generators.  Successive removal of pairs of vortex  generators  starting 
a t  the  outside of the elbow resulted in  decreases  in the static-pressure 
drop u n t i l  a minimum was reached at some  number of vortex  generators 
which depended on the  span,  chord, and spacing  being  considered. The 
procedure  adopted,  therefore, for  a par t icular  epan, chord,  and  spacing 
was t o  vary the angle of a t tack  w i t h  14 or 16 vortex  generators t o   f i n d  
an effective  value and then t o  try  successive removal s t a r t i ng  frm the 
outer  side of the elbow t o  determine  the  best number of vortex  generators. 

L__ 
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A check  for  the  effect  of  alternating  sngles of attack  when  only 
part  of  the  circumference was occupied was made  with 10 voltex  generators 
of b/c = 0.654 and b/6* = 9.7. The  static-pressure  drop  Coefficient 
was reduced  fram 0.268 down to 0.150 by  changing  from  alternating  angles 
of attack  to  the  arrangement in which  the  angles of attack  were  in  the 
direction  to  oppose  the  secondary  boundary-layer flow. No further  arrange- 
ments  were  tried w i t h  each  vortex  generator  having an opposite  angle of 
attack  to  the  ones on either  side of it. 

Effect  of  angle of attack.-  Figure 10 shows  the  variation of pressure- 
drop  coefficient  with  angle  of  attack  for  three  vortex-generator  arrange- 
ments  at  the  inlet  station.  It is  seen  that an angle  of  attack of about 
12O is  most  effective  in all three  cases.  This  result  cuts d m  the 
running of different  angles of attack.  It  is  also  noted  that  in  one  case 
the  pressure-drop  coefficient has been  reduced  to 34 percent  less  than 
the  value  for  the  no-vortex-generator  condition. 

Variation of circumferential  extent  of  vortex  generators.- The effect 
of  varying  the  amount of the  perimeter  over  which  the  vortex  generators 
are  disposed at the  inlet  vortex-generator  station  is sham in  figure 11 
for  four  different  cambinations of vortex-generator  parameters.  For  the 
combinations  incorporating a U0 spacing  angle  the  minimum 4 / ~  is in 
the  neighborhood of l32', 12 vortex  generators;  whereas  for  the 24O spacing 
angle  the  minimum  is  at 2a0, 10 vortex  generators. 

Effect  of  span.-  Variation of the  pressure  drop  with span of the  vor- 
tex  generators  in  terms of the  displacement  thickness S* is  shown in 
figure 12 for  three  arrangements.  The  min€mum  pressure  drop  comes  at a 
span of  about 8 times  the  inlet-boundary-layer  displacement  thickness in 
each  case  but  departure from these  values  in  the  range from 7 to 11  does 
not  cause a large  change  from  the  minimum  pressure-drop  value  obtained. 

Downstream  velocity  and  pressure  distributions.-  The  effect  of  the 
vortex  generators  on  the  velocity  distribution in  the  plane of symmetry 
at the  elbow  exit  is  shown  in f i-we 13 for  one of the-  favorable-  arranie- 
ments.  The  vortex  generators  have  increased  the  effective  area at this 
station  by  reducing  the  extent of the  reverse  flow  region at the  inner 
side of the  elbow. Also the  peak-velocity  value has been  decreased.  The 
effect  on  the  velocity  distribution  in  the  plane of curvature 4 diameters 
downstream  of  the  elbow  exit  is  shown in figure 14 for an arrangement  with 
a slightly  greater  span. In  this  case  the  velocities  are,  in  general, 
decreased  and  the only evidence  of  improvement  is  that  the  values in the 
region of the  peak  have  been  reduced  by  the  vortex  generators. 

The  circumferential  variation in static  pressure  at  the  exit  and 
4 diameters  downstream  with  and  without  vortex  generators is sham in 
figure 15. At  the  exit  there  is  considerable  variation  around  the  circum- 
ference.  At 4 diameters  downstream,  the  static  pressure  is  quite  uniform 
both  with  and  without  the  vortex  generators. 



Effect of upBtream location of vortex  generators.- The e f fec t  of 
moving the vortex  generators 1/4 diameter  upstream i n  the  i n l e t  duct is 
shown in figure 16 far several  arrangements. The upstream pressure was 
of necessity  obtained f'rm taps fa r  enough from the vortex  generators  in 
the  upstream  location  to be outside the range of loca l  pressure-field 
disturbances. The same taps  were used for the  vortex-generator  arrange- 
ments a t  the in le t   pos i t ion  for the d a t a  of this f igure and the  value 
plot ted is the change in  pressure  drop  caused by moving the  vortex  gener- 
a to r s  upstream. The change is seen t o  be small and is least  unfavorable 
for   the  larger span value. 

Location of vortex  generators  in the elbow.- Several  arrangements 
were t r i e d  a t  stations  inside the elbow. For the 12-vortex-generator 
arrangement of f igures 17 and 18, moving the vortex  generators  farther 
into the elbow increased the value of the most favorable  angle of a t tack  
u n t i l  it was about 18' at  a s t a t ion  30° into the elbow. At a s t a t ion  60° 
into the elbow, ( f ig .  l9), however, the most favorable  angle of a t tack  
f o r  the 12-vortex-generator  arrangement has decreased t o  around loo and 
the  pressure  drop has increased t o  a value greater than with no vortex 
generators. When the number of  vortex  generators was sys t emt i ca l ly  
reduced, however, it was found that the pressure drop was not materially 
changed at s ta t ions .15O and 30' into the elboy. A t  60° into the elbow, 
however, ( f i g .  19) the lowest pressure  drop was w i t h  only two vortex 
generators and was comparable with the  results  obtained with the be t t e r  
arrangements a t  the   in le t   s ta t ion  (figs. 11 and 12). The beet  angle of 
a t tack  was increased by 8' over  the  value  for  the  inlet  station. A d m -  
stream  circumferential  static-presmre  distributfon for two vortex  gener- 
a tors  set a t  an  angle of attack of 20' at  a s t a t ion  15' into the elbow is 
s h m  in f igure 20. The main difference between t h i s  arrangement  and one 
for  vortex  generators a t   t h e  inlet is in the pressure at  the inner  part  
of the elbow a t  the exit. This pressure  or i f ice  is immediately  dametream 
of the two vortex  generators. 

The ef fec t  of locat ion  def ini te ly  depends on the arrangement being 
considered. The two arrangements in  f igure 17 which give  essentially the 
same low value of preslsure  drop a t  a s ta t ion  l 5 O  in to  the elbow can be 
seen  in figure 21 t o  be less effect ive when moved t o  the inlet   vortex- 
generator  station. When  moved in  farther than the station,  the 
arrangement with 12 vortex  generator8 becomes increasingly less effect ive.  
The arrangement with two vortex  generators set a t  an angle of a t tack of 
20°, however, gives a decreasing  pressure  drop as it is moved t o  30° and 
then t o  60' into  the elbow. It should  be  noted that figure 21 is not 
useable  to  decide  the  best  station a t  which t o  put vortex  generators. 
Although t h i s  investigation was not  extended t o  determine the absolute 
optimum arrangement f o r  each  locatfon,  consideration of the best arrange- 
ment from those  investigated  should show the  general  trend.  Figure 22 
shows t h i s  var ia t ion for the angle of a t tack  and for  the span in terms of 
the  inlet  dispucement  boundary-layer  thickness. 

. 
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Comparison of best  results at three  vortex-generator  stations.-  Fig- - w e  23 provides a means of compming results frm several  vortex-generator 
stations  over a speed  range. The &fation  over thfs speed  rEtnge is seen 

difference  between  the  results  with 12 vortex  generators of aspect  ratio 
0.300, span of 7.3S*, and  spaced 1.33 epans in the  inlet  and  those  with 
two  vortex  generators  of  aapect  ratio 0.235, span  of 2.296*, and spaced 
4.29 spans at EL station 600 into the  elbow.  The advantage at  the  higher 
speed  appears  slightly  in  favor  of  the  arrangement  with 12 vortex  gener- 
ators at  the inlet.  Since any applfcation of these  results  would in all 
probability  be  to an elbow having inlet flow conqitions  and  elbow  geometry 
which  differ in some degree  from  those  covered in this  investigation,  it 
is  considered  that  the  final  choice of vortex-generator  station  should 
be  made  after  determining  the  results  of installing them  successively  in 
at  least  two  stations in the  elbow in which  they are  to be used. 

- to  be small for a given  arrangement,  There is also  seen  to  be  very  little 

SUMMARY OF RESULTS 

The  following  statements amly to  simple,  nontwisted,  rectangular 
vortex  generators  used  with a constant-area,  circular goo elbow of m e a n  
radius  of  curvature equal to  the  diameter. They apply  for an inlet  speed 
of 180 feet  per  second  and an inlet flow condition in which  the  boundary- 
layer thichess is about 1/10 the  inlet  diameter. Caparisons are based 
on  measurements of the static-pressure  drop  between  the  inlet and a s t a -  
tion 4 diameters  darnstream of the  elbow: 

1. The  static-pressure  drop around the  elbow can be  reduced  one-third 
by a simple  vortex-generator  arrangement. 

2. The  effective  arrangements  .were  symmetrical  about  the  plane of 
symmetry  with  the  vortex  generators startfng at  the  inside  of  the  elbow 
but not extending around to  the  outside.  The  angles of attack  were all 
in  the  same  direction on m e  side of the  plane of symmetry and in a 
direction  to  oppose  the  secondary  boundary-layer flow. 

3 .  The  luwest  pressure  drop vas obtained  with 12 vortex  generators 
of  aspect  ratio 0.500, set at an angle of sttack of I 2 O  at a station  Just 
upstream  of  the  inlet.  The span was 7.3 times  %he  inlet-boundary-layer 
displacement  thiclmess and the  vortex  generators  were  spaced 1.33 spans 
apart.  The  separated  cross-sectional  area  at  the  exit was appreciably 
reduced. An arrangement  giving  essentially  the  same low static-pressure 
drop  consisted  of two vortex  generators  set  at an angle of attack of 20° 

. 



at a station 60° into  the  elbow  with  aspect  ratio 0.235. The  span was * 
2.29 times  the  inlet-boundary-layer  displacement  thickness and they were 
spaced 4.29 spans apart. 

Langley  Aeronautical  Laboratory, 
National Advisory Committee for Aeronautics, 

Langley  Field,  Va.,  June 25, 1953. 

REFERWCES 

1. Palme, Hans Olof: A n  Investigation of the  Effect of Boundary Layer 
Suction on the A i r  Resistance in Channel Elbows. KTH-Aero TN 2, 
Roy. Inst. of Tech.,  Div. of Aero.,  Stockholm, Sweden, 1948. 

2. Gray, S.: A Survey  of Existing  Information on the Flow in Bent  Chan- 
nels  and the Losses  Involved.  Power  Jets  Rep.  R. 1104, Power  Jets 
(Res. and Dev. ), Ltd, June 1945. 

3.  Patterson, G. N.: Note on the  Design of Corners in Duct  Systems. 
R. & M. No. 1773, British A . R . C . ,  197. 

4. Henry, John R.: Design of Power-Plant  Installations.  Pressure-LOBS 
Characteristics of Duct  Components. WlCA WR L-208, 1944. (Formerly 
NACA ARR L4F26.) 

5.  Taylor, H. D.: Application of Vortex  Generator  Mixing  Principle  to 
Diffusers - Concluding  Report. Air Force  Contract W33-038 ac-21825. 
U.A.C . Rep. R-1506k-5, United  Aircraft C o n .  Res.  Dept.,  Dec . 31, 1.948. 

6.  Valentine, E. Floyd, and  Carroll, Raymond 3.: Effects of Several 
Arrangements of Rectangular  Vortex  Generators on the  Static-Pressure 
Rise Through a Short 2:1 Dfffiser.  NACA RM LwLO4, 191. 

7, Wood,  Charles C.: Preliminary  Investigation of the  Effects of Rectan- 
gular Vortex  Generators on the  Performance of a Short 1.9:l Straight- 
Wall Annular Diffuser. NACA RM L51GO9, 1951. 

8. Valentine, E. Floyd, and Carroll, Raymond B.: EffectB of Some Primary 
Variables of Ret- Vortex  Generators on the  Static-Pressure 
Rise Through a Short  Diffueer.  NACA RM L52Bl.3, 1952. 

9. Weske, John R.: Ekperimental  Investigation of' Velocity  Distributions 
Downstream of Single  Duct Bends. NACA TN 1471, 1948. 



I ..[ P - t l O l w  
C o t  



12 

L-80230 
Figure 2.- General arrangement of test apparatus. 
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Figure 3 . -  Location of vortex-generator stations. 
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Figure 4.- Typical arrangement at inlet  vortex-generator  station.  Six 

vortex  generators upstream of inner side of elbow. 
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Figure 6.- Velocity profile 1 diameter upstream of elbow. 
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Figure 7.- Pressure drop at several  f l o w  r a t e s .  No vortex  generators. 
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(a) Outer wall. 

Figure 9.- W t  pattern. No vortex  generators, 
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Figure 9.- Velocity profiles in the  plane o f  synnoetry. No vortex generators. 
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Figure 10.- Effect of angle of a t tack  of vortex  generators located at the 
i n l e t  s ta t ion .  s = EO. 
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Figure 11.- Effect of circumferential  extent of vortex generators. 
Inlet statton. 
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Figure 12.- Effect of vortex-generator span. I n l e t  station. 
a = L20; ~ / 6 *  = 14.9. 
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Figure 13.- Velocity distributions in plane of symmetry at elbow out le t .  
I:, r': 12'; b/6* = 7.3; b / ~  = 0.500; $$ = 132'; f3 = 12'; ~ / b  = 1.333. 
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Figure 15.- Circumferential variation of static pressure downstream of 
elbow. a = Bo; b/c = 0.500; b/6* = 7.3; fl = l32O; p = 120; ~ / b  = 1.333. 
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Figure 16.- Effect of mving vortex generators 1/4 diameter  upstream. 
a = 120; c/&* = 14.9. 
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Figure 17.- Effect of angle of attack of vortex  generators located'15° 
into the elbow. p = l2O. 
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Figure 18.- Effect of angle of attack of vortex  generators located 30° 
into the elbow. j3 = U0. 
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Figure 19.- Effect of angle of attack of vortex generators  located 60' 
into the elbow. p = 12'. 
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Figure 20.- Circumferential variation of  static pressure downstream of 
elbow. p = U0. 
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Figure 21.- Effect of moving two vortex-generator arrangements to dif- 
ferent locations in the elbow. p = 12'. 
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Figure 23.- Pressure drop obtained over a range of f l o w  r a t e  with vortex 
generators a t  inlet and a t  30' and 60' into t h e  elbow. 

. 


